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Site-specific adsorption and diffusion of atomic hydrogen on the Si~111!-737 surface at elevated tempera-
tures are studied by scanning tunneling microscopy. Hydrogen atoms are found to adsorb preferentially on
rest-atom sites rather than adatom sites with a binding-energy difference of ;0.2 eV. The adsorption causes a
reverse charge transfer from rest atoms back to adatoms. Above ;280 °C, atomic hopping between two
rest-atom sites within a half-cell can occur which is mediated by an adatom site. Above ;330 °C, H atoms
start to hop across the cell boundary via two adatom sites, or they can diffuse across the surface. The activation
barrier for hopping from a rest-atom site to a corner adatom site is ;50 meV lower than that to an edge adatom
site. Thus, in cross boundary jumps, they hop preferentially via two corner adatom sites. From Arrhenius plots,
the hopping barriers within the cell and across the cell boundary are determined. The hopping paths, relative
binding energies, and site selectivity of hydrogen atoms on the Si~111!-737 surface agree in general with
theoretical results, but our result are both site and path specific. The dynamic behavior of two to three H atoms
inside a half-cell is also investigated. @S0163-1829~98!00939-4#I. INTRODUCTION
The physics and chemistry of semiconductors are without
doubt of great interest to basic science and also of great
importance to technological progress. Studies of chemical
reactions on silicon surfaces prevailed for many decades.
When hydrogen compounds react with silicon surfaces, de-
hydrogenation can occur. The hydrogen released can passi-
vate electrical properties of the silicon surfaces by formation
of silicon hydrides. Thus interaction of hydrogen with silicon
surfaces is one of the most important processes in silicon
chemistry. Since the advent of the scanning tunneling micro-
scope ~STM!,1 many surface reactions can now be observed
on the atomic scale. Although there are many investigators
working on the adsorption of hydrogen atoms on silicon sur-
faces, little detailed atomic scale information on the dynamic
behavior at high temperatures is available. Recently2 we
studied high-temperature ~HT! diffusion processes which re-
veal useful insights of surface reactions. To elucidate the
whole reaction process, it is essential to find first the atomic
mechanisms of these reactions at very low coverage of the
reactants.
Adsorption and interaction of hydrogen with the Si~111!-
737 surface has been a subject of intensive studies using
macroscopic surface techniques, and more recently using
scanning tunneling microscopy. It is well established that at
and above room temperature, hydrogen molecules do not ad-
sorb on this surface but hydrogen atoms do. Above room
temperature, surface diffusion of chemisorbed H atoms can
occur. Such diffusion was studied by Reider et al. using op-
tical second-harmonic diffraction.3 The activation energyPRB 580163-1829/98/58~15!/9867~9!/$15.00was measured to be ;1.5 eV. Density-functional calcula-
tions by Vittadini and Selloni4 showed that the most stable
adsorption site for H atoms on Si~111! is the rest-atom ~R!
site. They also predicted that hydrogen atoms can hop from
an R site to a neighbor R site via an adatom ~A! site. The
rate-determining process R!A has an activation energy of
;1.3 eV. In this work, we study HT adsorption and diffusion
of single hydrogen atoms on the Si~111!-~737! surface with
a variable-temperature scanning tunneling microscope. In
agreement with calculations by Vittadini and Selloni, hydro-
gen atoms are found to occupy the R site preferentially, and
the hopping between two neighboring R sites is indeed via an
A-site intermediate state. However, H atoms can also hop to
a neighbor half-cell at higher temperatures, which should be
the real rate-determining process for diffusion of atomic hy-
drogen across the surface. Hopping across cell boundary
over the dimer was studied in Ref. 5 using variational phase-
space theory methods, though stable adsorption sites were
taken to be the adatom sites. We also measure the relative
binding energies between different adsorption sites and the
activation energies for different hopping paths. In other
words, our data are both adsorption site and hopping path
specific.
II. EXPERIMENT
The experimental apparatus and procedures used in this
study are similar to those used in Ref. 2, except the adsorbate
is now hydrogen atoms. An atomic hydrogen source is pro-
vided by filling up the chamber with about 231026 Pa of
molecular hydrogen through a fine leak valve and heating a9867 © 1998 The American Physical Society
9868 PRB 58LO, HO, HWANG, AND TSONGtungsten filament, which is placed ;5 cm away from and in
direct eye sight of the sample, up to 1500–1600 °C for
60–90 s. Before a H atom exposure, the tungsten coil is
degassed up to 1800 °C repeatedly over 3 min many times
until the pressure during the degassing is reduced below 2
31028 Pa. Since hydrogen molecules do not adsorb on the
Si~111!-~737! surface, changes in the image by the gas ex-
posure can only be produced by the adsorption of hydrogen
atoms. The purity of the gas is checked with a RGA ~residual
gas analyzer! which shows no detectable impurities. While
dosing the sample surface, the tip is retracted by about 3 mm.
Such dosing procedure produces about 0.4 H atom per 737
unit cell, or ;0.008 ML, of adsorption at room temperature
~RT!, and does not cause a significant thermal radiation heat-
ing or image drifting of the sample surface. The same prob-
ing area can be imaged right after the H atom dosing. The
dosage increases if the tip is retracted by a much larger dis-
tance, but then returning to the same spot becomes less reli-
able.
III. RESULTS AND DISCUSSION
A. Adsorption of H atoms at different temperatures
The atomic structure of Si~111!-~737! surface is now
well established to agree with the DAS ~dimer-adatom-
stacking fault! model shown in Fig. 1. Within a unit cell,
only adatoms, rest atoms, and the corner hole atom have
dangling bonds. If we distinguish faulted-half, unfaulted-
half, corner and edge adatoms, then there are seven non-
equivalent dangling bonds out of a total of 19 in a unit cell.
As there are these nonequivalent dangling bonds in a unit
cell, the site specificity of adsorption and chemical reactions
on the Si~111!-737 surface has been a subject of many
studies.6–9 Using scanning tunneling spectroscopy, it was
reported8 that, at room temperature, there are two adsorption
sites for hydrogen atoms, namely, the adatom sites and the
rest-atom sites, without any site selectivity. However, a the-
oretical calculation by Vittadini and Selloni4 concludes that
reaction of H with Si~111!-737 surfaces has a pronounced
site selectivity on rest atoms rather than on adatoms with a
binding energy difference of about 0.2 eV.
FIG. 1. DAS model of the atomic structure of the Si~111!-737
surface. Only adatoms, rest atoms, and corner hole atoms have dan-
gling bonds ~Ref. 10!.First, we study the adsorption of H atoms at elevated tem-
peratures. Figures 2~a! and 2~b! show, respectively, STM
filled-state images of the same area after the first and second
exposure of H atoms at 300 °C. In Fig. 2~a!, two image con-
figurations due to adsorption of H atoms are found at the
locations indicated by the arrows. In Fig. 2~b!, after the sec-
ond exposure, two additional H-atom adsorption image con-
figurations on the surface inside the two marked triangles are
found. On a closer examination of these images, we find that
an H-adsorbed site consists of three brighter than usual ada-
toms, one corner adatom and its two nearest-neighbor edge
adatoms, and a darker than usual spot located at the center of
these adatoms. From the DAS model of Si~111!-~737!,10 the
center of these adatoms is the location of a rest atom with a
dangling bond. From a symmetry consideration, the best pos-
sibility of this adsorption is that a H atom is adsorbed on top
of the rest atom, or the dangling bond of the rest atom is now
bound with a H atom. This is also why the rest atom now
appears darker than in the filled-state image of a clean sur-
face. A similar image feature has been observed in H adsorp-
tion on a Ge(111)-c(238) surface whose surface structure
is similar to that of the Si~111!-737 surface without the
corner hole.11 These observations demonstrate the impor-
tance of STM filled-state images. They may reveal chemical
reactions, since chemical reactions always involve with a
charge relaxation between the reactant and the substrate. Ad-
sorbed H atoms can already hop between R sites above
;280 °C as will be discussed later. In Fig. 2~b!, we can see
the H atoms adsorbed during the first exposure have now
hopped to new sites within the same half-cells.
Another convincing evidence of H adsorption at R sites is
given in Fig. 3. Figure 3~a! shows the area after H atom
exposure at 290 °C where four H atoms are adsorbed: A, B,
and C, and one within the marked half-cell. They all show a
dark point defect with three surrounding brighter adatoms.
During the scanning of the next image @Fig. 3~b!#, the image
characteristic suddenly reverses, obviously produced by a
change in the structure of the scanning tip. The rest atoms
with dangling bonds are now all imaged as bright spots, and
adatoms become nearly invisible. The R sites with their
bonds saturated with a H atom disappear due to the fact that
their dangling bonds are now saturated with H atoms. The
reason for such a sudden image brightness reversal is not
FIG. 2. A Si~111!-737 surface exposed to H atoms at 300 °C.
~a! After the first H-atom exposure, two R sites, with adsorption as
indicated by arrows, appear. ~b! After the second exposure an ad-
ditional two R sites with adsorption appear within the same area as
indicated by the triangles. V sample521.75 V and I t5100 pA.
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change at the tip surface by either diffusion of tip atoms or
transfer of atoms from the sample to the tip.
Rest atoms cannot only be imaged with such an unusual
short-lived and seemingly irreproducible tip,12 but can also
be detected in filled-state images by brightness profiling with
a normal good tip. Figure 4 displays two image brightness
profiles along the long diagonal direction of the 737 unit
cell in the filled-state image. Profile XY, in which a clean unit
cell is traced, shows the peak of the unreacted rest atom to be
more easily distinguishable in the unfaulted half than in the
faulted half. For profile X8Y8, which passes through a
H-adsorbed R site, we note the peak of the image intensity of
the rest atom not only decreases, but it also shows a different
profile, and the peak of the neighboring corner adatom in-
creases significantly. It has been pointed out13 that there
should be a charge transfer from adatoms to rest atoms on
clean Si~111!-~737! surfaces, which has been verified
experimentally.14–16 Once the dangling bond of a rest atom is
saturated by a H atom, in particular when a strong covalent
bond is formed, a reverse charge-transfer process occurs. The
excess charge of the reacted rest atom is transferred back to
its surrounding adatoms. This interpretation is substantiated
by our observation of brighter than usual adatoms surround-
ing the H-adsorbed rest atoms in filled-state images.
Above ;280 °C, when H atoms can start to hop, we find
them to adsorb mostly on rest-atom sites. This site selectivity
is consistent with a theoretical calculation,4 but differs from
some earlier room-temperature studies where no site selec-
FIG. 3. ~a! Four R sites with adsorption: A, B, and C, and one in
the triangle, near a dark defect at 290 °C. ~b! After an unexpected
change of the tip condition, suddenly only rest atoms can be ob-
served. Those rest atoms adsorbed with a H-atom now also become
invisible. V sample522.0 V, I t5100 pA. The acquisition time of
these consecutive images is 4.7 s.tivity was observed. This discrepancy arises from the immo-
bility of adsorbed H atoms to achieve thermal equilibration
at RT. Above ;300 °C, H atoms can hop rapidly. An equi-
librium site occupation can be reached from which the
binding-energy difference between A- and R-site adsorption
can be derived from the Boltzmann factor according to
PR /PA53 exp~2ER /kBT !/6 exp~2EA /kBT !, ~1!
where Pi is the probability of occupying state Ei at tempera-
ture T, and kB is the Boltzmann constant. The statistical
weight is the total number of adsorption sites in the half unit
cell. After analyzing thousands of STM images at several
temperatures, we obtain DE1[EA2ER50.2060.01 and
0.2160.01 eV, respectively, in faulted and unfaulted halves.
These values agree with that of Vittadini and Selloni. This
energy difference reflects the different H-Si bond strength
between a Si adatom and Si rest atom on a Si~111!-~737!
surface. This is consistent with previous studies,9,14–18 which
conclude that a rest-atom dangling bond is nearly fully oc-
cupied while that of the adatoms is nearly empty. When re-
acting with a H atom, the H-Si~rest atom! bond is stronger than
the H-Siadatom bond.
We have also studied RT adsorption at the same hydrogen
dosage. According to previous studies,9,17,18 H-adsorbed ada-
tom sites ~A sites! appear as dark sites in empty-state STM
FIG. 4. Image brightness profiles along the long diagonal of the
737 unit cell in which the bright spots, an edge adatom, a corner
adatom, and its neighbor rest atoms, in each half-cell are scanned at
340 °C. Profile XY is for a clean unit cell while X8Y8 probes the
image intensity of an R site with adsorption in an unfaulted half and
one in a clean faulted half. Vsample522.0 and I t5100 pA.
9870 PRB 58LO, HO, HWANG, AND TSONGimages of bias in the 1.0–1.2-V range, and appear as gray
sites or as bright as Si adatoms at higher bias voltages. How-
ever we find the image characteristics to be somewhat de-
pendent on the tip conditions. We take the number of dark
adatom sites in empty-state images of 1.0-V bias within the
dosed area to be adsorbed A sites, and compare it with the
number of H-adsorbed R sites at filled-state images of 2-V
bias. The ratio of A/R is 2.1660.14, which, within statistical
uncertainty, is consistent with 2, the value of the adatom–
rest-atom ratio of the Si~111!-737 surface, or the value to be
expected if H atoms stick to where they hit. This slight dis-
crepancy most probably reflects the presence of dark point
defects on clean Si~111!-737 surfaces. The frequencies of
observing four different single dark adatom sites in empty-
state images with a bias of 1.0 V of H-atom-exposed surfaces
have also been analyzed. The result is listed in Table I. The
occupation probabilities of these four adatom sites are simi-
lar to those of point defects on clean surfaces.19,20
B. Diffusion of individual H atoms within and over half-cells
From Fig. 2, one clearly sees that H atoms can hop be-
tween rest-atom sites at higher temperatures. Detailed steps
of the hopping process within a half-cell are shown in Fig. 5
for images taken at a sample temperature of 310 °C. This
hopping H atom is inside the marked faulted half. Another
H-adsorbed R site, which did not hop during this time period,
is indicated by arrows. Figure 5~b! shows two STM images
of 1.5-V bias, one filled-state image ~left! and one empty-
state image ~right!, which are recorded simultaneously. In
this image, the H atom hops from a rest-atom site to a neigh-
bor adatom site. The adatom loses its usual image character-
istics. Because of the loss of its dangling bond by the forma-
tion of a Si-H bond, the A site now appears dark in both
biases, as reported in previous studies.9,17,18 and the image
spot of the rest atom reappears. From images of the nonhop-
ping H-adsorbed rest atom shown in Fig. 5~b!, it is clear that
a H-adsorbed R site can be inferred only from filled-state
images as three tripod-shaped brighter than usual adatoms.
Unfortunately, no such distinguishable feature in empty-state
images can be seen. In the next image @Fig. 5~c!# the H atom
hops again to a neighbor rest-atom site, thus completing a
hop from an R site to another R site via the hopping pathway
R!A!R , where the A site is a short-lived intermediate
state whose energy is higher than the R site. In the tempera-
ture range of our study, the probability of observing an in-
termediate state is only several percent of that of R-site ad-
sorption.
Diffusion parameters of H atoms are obtained in the same
manner as that used in our recent work,2,20 or by standard
random-walk analysis ~see, for example, Ref. 30 of Ref. 2!.
The migration of H atoms within and across half-cells, or
equivalently their hopping rates, is studied in 280–340 and
340–380 °C ranges, respectively. Figure 6 shows our results.
TABLE I. Frequency of faulted and unfaulted A and R sites at
RT.
Edge adatom Corner adatom
Faulted half 297 211
Unfaulted half 266 207In Fig. 6~a!, the higher-temperature data set corresponds to
diffusion from faulted cells across cell boundaries to un-
faulted cells, and the low-T data set the hopping rate within
the faulted cells. Figure 6~b! shows similar results for the
unfaulted cells. From these Arrhenius plots, the activation
energies Ea and attempt frequencies R0 are determined. For
observing the intermediate states in cross boundary motion,
we go to a lower temperature around 310 to 320 °C, where
cross boundary jumps can be more easily captured, though
still very rarely. Figure 7 shows images of a H atom crossing
the boundary from an unfaulted half to a neighbor faulted
half via two corner adatoms. The observed pathway is uR
!uA! f A! f R , and vice versa, where f and u stand for the
faulted and unfaulted halves.
We also find that the A sites in the above pathway are
mainly the corner adatom sites, which implies that the acti-
vation energies required for H atoms to hop from a rest atom
to an edge and a corner adatom sites ~EA and OA sites! are
slightly different. The barrier difference DE2[EEA2EOA is
determined in a similar manner using Boltzmann factor,
POA /PEA5exp(2EOA /kBT)/2 exp(2EEA /kBT), where POA
FIG. 5. The hopping pathway of a H atom within a half cell at
310 °C. ~a! A Hopping faulted R site with adsorption in the triangle
and a still unfaulted R site with adsorption indicated by the arrow.
~b! Dual-polarity images of the metabstable A site which mediates
the hopping of the H atom. The left and right are filled- and empty-
state images, respectively. In the empty-state image, a still R site
with adsorption is indistinguishable from a nonadsorbed R site. ~c!
A complete hopping of the H atom in the triangle. The H atom is
now adsorbed on a new rest-atom site, or the H atom has hopped
from one rest-atom site to another. The bias is 1.5 V for both filled-
and empty-state images, and It5200 pA. The acquisition time of
these consecutive images is ;9.3 s.
PRB 58 9871DIFFUSION BY BOND HOPPING OF HYDROGEN ATOMS . . .and PEA are the probabilities of H-adsorbed OA and EA,
respectively. The factor 12 accounts for the fact that each rest
atom has two neighbor edge adatoms and one neighbor cor-
ner adatom. This result gives DE254561 and 4861 meV,
respectively, for the faulted and unfaulted halves. As the en-
ergy difference is relatively small, jumping across the cell
boundary via two opposite edge adatoms should occur with a
greater probability at higher temperatures. The true experi-
mental errors of our data are expected to be slightly larger
than the statistical errors indicted in Fig. 6. But even if we
consider a possible temperature uncertainty of 62°, the un-
certainties in the values of Ea and R0 are no worse than 60.1
eV and 10615 Hz, respectively. In comparison, Ref. 4 gives a
theoretical Ea;1.3 eV which is significantly smaller than
our data. Here we emphasize that our results are both site and
path specific, and hopping within the half-cell and crossing
the cell boundary are carefully distinguished. Effects of sur-
face defects such as steps and impurities are not present in
our data either.
FIG. 6. Arrhenius plots for H-atom hopping within a half cell
~the right-hand plot! and hopping across the cell boundary ~the left-
hand plot!. ~a! For hopping within the faulted half and across the
boundary to the unfaulted half. ~b! For the other half.For easier visualization of the energetics, all the energetic
data, such as DE1 and Ea , etc., are combined into a potential
energy diagram shown in Fig. 8. From this figure, we find
the magnitude of different energy states to have the order of
E f r,EuR,E f A,EuA . In a recent work, Brommer et al.21
calculated the charge capacity order for various danging
bonds on a Si~111!-737 surface. According to this calcula-
tion, for reacting with a strongly electronegative reactant like
H atoms, the reaction capability order is f R.uR. f A
.uA . Our results verify this order: when a H atom reacts
with a higher occupied Si dangling bond, a stronger Si-H
bond is formed, or which has a lower energy state.
FIG. 7. The hopping pathway of a H atom across the cell bound-
ary from the unfaulted to the faulted half in the encased unit cell at
310 °C. ~a! Each half contains an R site with an H atom. ~b! An
intermediate corner A site in the unfaulted half as indicated by the
arrow. ~c! The H atom in ~b! hops across the cell boundary to its
opposite corner adatom site in the faulted half as indicated by the
arrow. ~d! The H atom in ~c! now hops to the neighbor rest-atom
site, thus completes a hop from an R site to another R site. The
faulted half now contains two adsorbed R sites. Vsample521.8 V
and I t5100 pA.
FIG. 8. A potential-energy diagram showing the relative binding
energies of different states as well as the activation barrier heights
for various hopping paths.
9872 PRB 58LO, HO, HWANG, AND TSONGTABLE II. Lifetime ~s! of R and A in unfaulted half with different scanning speeds at 290 °C.
Dt52.4 s Dt54.7 s Dt59.5 s Dt518.5 s
Lifetime of R 336.5646.2 344.1636.5 403.3650.2 481.0659.2
Lifetime of A 12.562.0 14.561.6 14.361.7 22.661.7We have also checked the scanning effect of the STM tip
at 290 °C by increasing the acquisition time from 2.4 s/image
up to 18.5 s/image, but keeping all the other imaging condi-
tions unchanged. The results are listed in Table II. The life-
FIG. 9. Transfer of H atoms from the tip onto the sample by
applying pulses of 27.0 V to the sample at 330 °C. ~b! After the
first pulse, an adsorbed R site indicated by the arrow is found. ~c!
After the second pulse, two additional adsorbed R sites indicated by
the upper arrows are found. The H atom appeared in ~b! now hops
to another rest-atom site within the faulted half. Vsample522.0 V
and It5100 pA. An identified immobile bright defect is present in
all these images.times of uR and uA increase by factors of 1.4 and 1.8, re-
spectively. This effect is relatively small if we consider the
activation energy to be derived from the slope of a semiloga-
rithmic plot. Tip effects should depend on the tip-surface
distance or the tunneling resistance. We minimize tip effects
by using a small tunneling current of 100 pA. Under our
conditions, the scanning tip slightly enhances the jumping
rates of H atoms, thus DE’s should be slightly smaller than
the given values after correcting for the tip scanning effect.
C. Deposition of H atoms from the tip by high electric fields
Many hydride molecules like H2O, NH3 , PH3 and hydro-
carbons adsorb on silicon surfaces dissociatively, thus H at-
oms are liberated to the surface.7,22–29 Since water and hy-
drocarbons are common residual gasses in a UHV chamber,
after 24 h at RT without cleaning the sample, it is not diffi-
cult to find a new H-adsorbed R sites on the Si~111!-737
surface in our HT images, even though no H-atom exposure
is done. After a tip sharpening process and a lengthy scan-
ning of a W tip of silicon samples, the tip may well be coated
with silicon atoms,29 as evidenced by retransfer of Si atoms
back to the sample surface if the bias is increased, thus H
atoms may also be adsorbed on the Si-coated tip. Even if no
Si atoms are present on the tip surface, hydrogen can also be
adsorbed on the W-tip surface. In the case of in situ exposure
of H atoms on the sample, many more H atoms will impinge
and adsorb on the tip as well as the tip shank. It is known
that those H atoms adsorbed on a platinum tip can be trans-
ferred to the sample by field evaporation at RT.30 In our
experiment, deposition of single H atoms from the tip onto
the Si~111!-737 surface by a high field can also be observed
at 330 °C. In Fig. 9, we show how H atoms are deposited and
adsorbed at rest-atom sites by applying 27.0-V pulses to the
sample. Figure 9~c! shows a deposited H atom indicated by
the arrow after application of the first pulse. In Fig. 9~c!, the
second pulse produces two additional H atoms. From their
stable adsorption sites, hopping pathways, and jump rates,
the adsorbed atoms are clearly identified to be H atoms.
Deposition of H atoms from the tip can also be observed at
RT. In Fig. 10, after the tip and sample are exposed to H
atoms, the sample is annealed above 700 °C to desorb the H
atoms on the sample.31 Then the clean surface shown in Figs.
10~a! and 10~b! is scanned three times under a tunneling
current of 0.2 nA and a bias of 24.5 V; images shown in
Figs. 10~c! and 10~d! are obtained, which now have four R
sites and seven A sites adsorbed with a H atom ~marked by
circles and arrows, respectively!.
D. Dynamics of 2–3 H atoms inside a half-cell
In many studies, a high coverage of H atoms can result in
the formation of silicon polyhydrides and disordering of
Si~111! surfaces.9,18,32,33 Silicon polyhydrides may decom-
pose and H atoms may recombine and desorb as H2 when the
PRB 58 9873DIFFUSION BY BOND HOPPING OF HYDROGEN ATOMS . . .temperature of the substrate is high enough. However, as far
as we are aware, no direct in situ microscopic observations
of such reactions have been reported. Here we present our
preliminary observations for medium coverage of H atoms,
which might also be useful for understanding the disordering
of silicon surfaces and desorption of hydrogen molecules.
The coverage of one H atom in a half-cell is equivalent to
;0.04 ML. When the exposure increases slightly, two or
three H atoms can be found within a half-cell. Figure 11
shows two H atoms in a faulted half-cell at 310 °C. We see
that these two H atoms stay mainly on adatom and rest-atom
sites, e.g., Figs. 11~a!–11~c! and 11~i!. However, in Fig.
11~e! we see that one of the H atoms is now adsorbed at an
edge adatom site, but the other one now becomes invisible.
We believe that the missing H atom is now somewhere in
one of the adatom backbonds. A careful inspection of these
complicated reactions, such as those seen in Figs. 11~d! and
11~f!–11~h!, we find adatoms and image spots on cell bound-
ary are somewhat displaced. In Fig. 11~g! we note that the
image shape of the observed faulted half-cell is symmetric
about the long diagonal of the 737 cell. In another dual-
polarity image taken at 320 °C, Fig. 11~b! shows that both
the filled-state image ~left! and the empty-state image ~right!
are symmetric with respect to the long axis of the unit cell. In
the right image of Fig. 12~b!, we note a bright image spot
located at the center of a corner adatom and its opposite edge
adatom. The possible cause of such an image structure is not
known. One may speculate that H atoms are inserted into the
backbonds of two neighboring Si edge adatoms, which are at
the side of cell boundary and symmetric along the long di-
agonal direction, and thus displace the two edge adatoms
toward each other. The dangling bonds of these two edge
adatoms are imaged together as a bright spot between them
in the empty-state image.
FIG. 10. A clean surface is exposed to H atoms at RT. ~a! and
~b!, respectively, are filled-state and empty-state images of this sur-
face before exposure. After exposure, images shown in ~c! and ~d!
are obtained with Vsample522.4 and 1.0 V. In ~c!, half cells with
adsorbed R sites are circled. The upper circles contains one ad-
sorbed R site and two adsorbed A sites. The circle in the middle
contains two adsorbed R sites, while, in the low circle, and adsorbed
R site is observed. In the empty state image ~d!, the adsorbed A sites
are indicated by arrows. I t5100 pA.Three H atoms in a half-cell are also studied in our ex-
periment. In such a half-cell, the local coverage of ;0.12
ML may still be too low to cause disordering of the surface
or desorption of the adsorbate.9,32 As shown in Fig. 13, the
FIG. 11. Dynamics of two H atoms in a faulted half enclosed by
the circle at 310 °C. In ~g! the image of the observed half-cell is
symmetrical with respect to the long diagonal of the 737 unit cell.
Vsample521.8 V and I t5100 pA.
FIG. 12. Dual-polarity images at 1.0 V at 320 °C of a similar
observation to that shown in Fig. 10~g!. In ~a! the marked half-cell
contains two adsorbed R sites. The left filled-state image in ~b! has
the same symmetry as that of Fig. 10~g!. The right-hand image is
the corresponding empty-state image in which a bright spot is seen
between a corner adatom and its opposite edge adatom. The time
interval between images is 18 s. It5100 pA.
9874 PRB 58LO, HO, HWANG, AND TSONGreaction between H and Si atoms is more complicated than
the previous case. The chance of finding a H atom not ad-
sorbed either on A or R sites increases. In previous reports at
RT,34–36 after saturating dangling bonds, H atoms start to
react first with the highly strained backbonds, then the
weakly strained dimer bonds. Thus H atoms can start to react
with adatom backbonds only when the coverage of H is
greater than ;0.36 ML, i.e., on the average nine H atoms are
FIG. 13. Dynamics of three H atoms in a faulted half-cell at
300 °C. In ~a! and ~j!, all three rest atoms are adsorbed with an H
atom. Vsample521.75 V and I t5100 pA. In other words, some of
the H atoms may hide in the backbonds of the surface.present in a half-cell, but the local coverage may be consid-
erably higher. In our case, at HT, H atoms start to interact
with the adatom backbonds at less than one-third the average
coverage needed at RT. Obviously silicon surfaces are easier
to disorder and be etched away at HT and at RT.
IV. CONCLUSION
We present result of a variable temperature STM study of
adsorption and diffusion of hydrogen atoms on Si~111!-737
surfaces. Hydrogen atoms are found to adsorb preferentially
on rest-atom sites rather than adatom sites with a binding-
energy difference of ;0.2 eV. The adsorption causes a re-
verse charge transfer from rest atoms back to adatoms.
Above ;280 °C, atomic hopping between two rest-atom
sites within a half-cell can occur which is mediated by an
adatom site. Above ;330 °C, H atoms can start to hop
across the cell boundary via two adatom sites, or they can
diffuse across the surface. In other words, using atomic reso-
lution STM, one can easily distinguish atomic hopping in
localized motion from atomic hopping in long-range surface
diffusion. The activation barrier for hopping from a rest atom
site to a corner adatom site is ;50 meV lower than that to an
edge adatom site. Thus, in cross boundary jumps, H atoms
hop preferentially via two corner adatom sites. From Arrhen-
ius plots, the hopping barriers within the cell and across the
cell boundary are derived. The hopping paths, relative bind-
ing energies, and site selectivity of hydrogen atoms on
Si~111!-737 surface in general agree with theoretical results,
but our result are both site and path specific. Our data are
obtained from surfaces with perfectly defined structures, or
effects of surface defects such as lattice steps and point de-
fects, etc., are excluded. Our data are also collected from
single atoms at zero coverage limit. The diffusion data ob-
tained are those for tracer diffusion. These kinds of data
should be most valuable for comparing with theoretical re-
sults. In principle, one can also investigate diffusion of H
atoms at finite coverage, but this has not been done in the
present study. Preliminary result on the dynamic behavior of
2–3 H atoms inside a half-cell are also given. The situation
becomes very complicated; it may be necessary to combine
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